Methylation of H4K20 (Lys 20 of histone H4) plays an important role in the regulation of diverse cellular processes. In fission yeast, all three states of H4K20 methylation are catalysed by Set9. Pdp1 is a PWWP (proline-tryptophan-tryptophan-proline) domain-containing protein, which associates with Set9 to regulate its chromatin localization and methyltransferase activity towards H4K20. The structure of the Pdp1 PWWP domain, which is the first PWWP domain identified which binds to methyl-lysine at the H4K20 site, was determined in the present study by solution NMR. The Pdp1 PWWP domain adopts a classical PWWP fold, with a five-strand antiparallel β-barrel followed by three α-helices. However, it differs significantly from other PWWP domains in some structural aspects that account, in part, for its molecular recognition. Moreover, we revealed a unique binding pattern of the PWWP domain, in that the PWWP domain of Pdp1 bound not only to H4K20me3 (trimethylated Lys 20 of histone H4), but also to dsDNA (double-stranded DNA) via an aromatic cage and a positively charged area respectively. EMSAs (electrophoretic mobility-shift assays) illustrated the ability of the Pdp1 PWWP domain to bind to the nucleosome core particle, and further mutagenesis experiments indicated the crucial role of this binding activity in histone H4K20 di-and tri-methylation in yeast cells. The present study may shed light on a novel mechanism of histone methylation regulation by the PWWP domain.
INTRODUCTION
Post-translational modification of histones has emerged as a key mechanism for controlling chromosome processes, such as transcription. These modifications, including acetylation, phosphorylation, methylation and ubiquitination, can affect the interactions between chromosomes and regulatory proteins [1] . Methylation is an important histone modification implicated in the regulation of gene transcription as well as the DNAdamage response [2] . As the only lysine residue which can be methylated on the histone H4 tail, Lys 20 is one of the most extensively studied among all of the methylation sites of histones [3] . Different degrees of H4K20 (Lys 20 of histone H4) methylation are involved in distinct cellular processes. For example, H4K20me1 (monomethylated Lys 20 of histone H4) is responsible for cell-cycle progression and gene expression [4] [5] [6] [7] [8] [9] [10] , whereas H4K20me2 (dimethylated Lys 20 of histone H4) and H4K20me3 (trimethylated Lys 20 of histone H4) are required for DNA-damage checkpoint activation and maintenance of heterochromatin structures respectively [11] [12] [13] .
In mammalian cells, there are two groups of SET domaincontaining proteins that catalyse H4K20 methylation, i.e. PRSet7/Set8 for H4K20me1 and Suv4-20h for both H4K20me2 and H4K20me3 [14] [15] [16] [17] , whereas in Schizosaccharomyces pombe, Set9 is the only enzyme to establish the three states of methylation of H4K20. The HMTs (histone methyltransferases) are intensively regulated for various lysine residue methylations across the genome. Some of them contain chromatin-binding domains to regulate their localization or activities. For example, the H3K9 methyltransferase Clr4 contains a chromodomain which recognizes H3K9me (methylated Lys 9 of histone H3) to promote the spread of this modification across large chromosomal domains [18] . In other cases, HMTs form complexes with other chromatin-association proteins to gain access to histones and perform methyltransferase activities. For instance, the mammalian H4K20 methyltransferase Suv4-20 associates with chromodomain protein HP1 (heterochromatin protein 1), which binds H3K9me to facilitate further methylation of H4K20 [13] .
Previously Wang et al. [19] reported that a PWWP (prolinetryptophan-tryptophan-proline) domain-containing protein from S. pombe named Pdp1 associated with Set9 to regulate its methyltransferase activity. It was indicated that through its PWWP domain, Pdp1 was able to bind H4K20me1 in vivo. Moreover, this binding was required for all three states of methylation of H4K20 and Set9 chromatin localization for further methylation of H4K20. Notably, both Pdp1 and Set9 were implicated in the DSB (double-strand break) repair pathway. Intriguingly, Pdp2 (S. pombe GeneDB number SPBC215.07C) and Pdp3 (S. pombe GeneDB number SPAC23D3.01), the homologues of Pdp1 in fission yeast, were not involved in the regulation of H4K20 methylation and the DSB repair pathway, although they showed strong homology with Pdp1, even outside the PWWP domain [19] .
The PWWP domain is a weakly conserved module found in a variety of eukaryotic proteins. It contains ∼ 70 amino acids and was first characterized from the HDGF (hepatoma-derived growth factor) [20] and WHSC1 (Wolf-Hirschhorn syndrome candidate 1) genes [21] . In addition to the PWWP domain, proteins in this family frequently contain other known chromatinassociation domains, such as chromodomains, bromodomains, SET domains and PHD (plant homeodomain)-type zinc-finger motifs, indicating a possible role of the PWWP domain in chromatin regulation or modification.
Several structures of the PWWP domain have been solved in recent years. Some of them were reported as DNA-binding folds, such as PWWP domains in Dnmt3b (DNA methyltransferase 3b) [22] and HDGF [23] , whereas others were identified as methyllysine-recognizing modules, such as those in Brpf1 (bromoand PHD finger-containing protein 1) [24] and Dnmt3a [25] recognizing trimethylated Lys 36 on histone H3. Therefore the identification of the interacting partner of the Pdp1 PWWP domain remains an interesting problem. Is it DNA or histone with methylated lysine, or both? Are these interactions responsible for H4K20 methylation regulation by the PWWP domain? In the present study, we solved the solution structure of the Pdp1 PWWP domain by NMR, and confirmed it as an H4K20me3-recognizing module through NMR perturbation experiments. Meanwhile, we revealed the DNA-binding activity of the Pdp1 PWWP domain by FPA (fluorescence polarization assay) and identified a positively charged area responsible for this DNA binding by NMR titration and mutagenesis experiments. As the results of FPA showed that H4K20me3 and dsDNA (double-stranded DNA) bound simultaneously to the Pdp1 PWWP domain, we further pointed out the importance of the DNA-binding ability of the PWWP domain for its nucleosome binding. Finally, mutagenesis experiments in yeast cells confirmed the functional significance of this DNAbinding activity in the regulation of H4K20 di-and tri-methylation and the DNA-damage checkpoint.
EXPERIMENTAL Expression, purification and isotope labelling of Pdp1
The DNA fragments of the Pdp1 PWWP domain (residues 45-150) were amplified from yeast genomic DNA (S. pombe) by PCR. The DNA fragments were then ligated into the NdeI/ XhoI-cleaved plasmid pET-22b ( + ) (Novagen). All of the recombinant Pdp1 PWWP proteins were produced in Escherichia coli BL21(DE3) cells. Cells were grown in either LB (LuriaBertani) medium for unlabelled samples or minimal medium supplemented with 15 N-or 15 N/ 13 C-samples. Generally, the protein expression was induced at D 600 = 0.8-1.0 with 0.5 mM IPTG (isopropyl β-D-thiogalactopyranoside), prolonged for 24 h at 16
• C. The expressed recombinant protein was purified using a Ni 2 + -chelating column (GE Healthcare), followed by gel-filtration chromatography using a Superdex 75 column. The purified protein was exchanged to buffer A [20 mM potassium phosphate, 100 mM NaCl, 2 mM EDTA, 0.1 % 2-mercaptoethanol and 0.2 % protease inhibitor cocktail (Sigma), pH 4.8] and concentrated to 0.4-0.6 mM for further NMR study.
Site-directed mutagenesis
A series of point mutations (K59D, R72D + R73D + K74D, K104D + R105D and K124D + R125D + K126D) were introduced into the recombinant pET22b-Pdp1-PWWP vector. The mutagenesis was performed using the QuikChange ® sitedirected mutagenesis kit (Stratagene).
Peptide synthesis
Peptides H4K20, H4K20me1, H4K20me2, H4K20me3 (residues 15-25 of H4) and H3K36me3 (trimethylated Lys 36 of histone H3; residues 31-41 of H3) were synthesized by GL Biochem. They were supplied with stringent analytical specifications (purer than 98 %), including HPLC and MS analysis. Before use, peptides were weighed and dissolved in buffer A, the pH of each sample was systematically controlled and, if necessary, adjusted to 4.8 by adding dilute NaOH or HCl solution.
NMR spectroscopy
All spectra were recorded at 298 K on a Bruker DMX600 spectrometer with a cryoprobe. Both the purified 15 Nlabelled and 13 C/ 15 N-labelled proteins were dissolved to a final concentration of 0.8 mM in 500 μl of buffer A with 10 % 2 H 2 O. The following spectra were recorded to obtain backbone and side-chain resonance assignments [26] 
Structure calculations
The structure calculation for the Pdp1 PWWP domain was performed on the basis of proton-proton NOE restraints and dihedral angle ( and ψ) restraints with a simulated annealing protocol using the CNS version 1.2 program [29] . Hightemperature torsion angle dynamics were performed at 50 000 K for 15 ps (1000 steps) followed by a 15 ps cooling phase. Initial structure calculations included only hydrogen bonds in defined secondary structures from Talos + . In the following refinement calculation, only hydrogen bonds whose donors could be identified unambiguously were added. In the final calculations, an ensemble of 200 structures [with no distance violations >0.3 Å (1 Å = 0.1 nm) and no dihedral angle violations >5 • ] was generated from unambiguous NOEs previously determined. On the basis of energetic criteria (low total energy, using the accept.inp routine) 20 models were selected to form a representative ensemble of the calculated structures. All molecular drawings were generated using PyMOL (http://pymol.sourceforge.net) except Figure 2 (A) which was generated using MOLMOL [30] .
Chemical-shift perturbation
NMR titrations of the Pdp1 PWWP domain with different methylation states of H4K20 and H3K36me3 peptides, as well as the longer PWWP fragment (PWWP-L, residues 1-176) with 14 bp of dsDNA were performed on 15 N-labelled proteins. Peptides and DNA stock solutions in identical buffer were titrated stepwise with a sample dilution of less than 10 %. The combined chemical-shift perturbation was calculated using the following equation:
δ HN and δ N are the chemical-shift variations in the proton and nitrogen dimensions respectively. Dissociation constants were estimated as described previously [31] . 15 N relaxation experiments were carried out on a Bruker DMX600 NMR spectrometer at 298 K using previously published methods [32] . The sample of the 15 with a 2 s relaxation delay, followed by a 3 s period of proton saturation. In the absence of proton saturation, the spectra were recorded with a relaxation delay of 5 s. The exponential curve-fitting and data analysis were carried out with the program Sparky.
N relaxation measurements

FPAs
FPAs were performed in buffer B [25 mM Hepes, 150 mM NaCl and 2 mM EDTA (pH 7.0)] at 293 K using a SpectraMax M5 Microplate Reader system (Molecular Devices). The wavelengths of fluorescence excitation and emission were 485 nm and 522 nm respectively. Each 96-well contained 100 nM fluorescently labelled ] DNA probe and different amounts of Pdp1 PWWP or PWWP mutants, or the PWWP-H4K20me3 complex (concentrations from 0 μM to approximately 100 μM) with a final volume of 200 μl. For each assay, DNA-free controls (PWWP or PWWP mutants, or PWWP-H4K20me3 complex only) were included. The fluorescence polarization data were analysed essentially as described previously [33] . The sequences of 5 FAM-labelled DNA probes are described in Table 1 .
Nucleosome assembly and EMSAs (electrophoretic mobility-shift assays)
Xenopus histone H3 used in the different methylation reactions carried a background mutation of C110A and histone H4 carried the K20C mutation (Kc20). The site-specific methylation reactions were carried out as described previously [34] and the efficiency of the reaction was analysed by MS. The octamers were reconstituted by mixing and refolding the core histones at an equimolar ratio and purified using a Superdex 200 sizeexclusion column [35] . For mononucleosome assembly, histone octamers (Kc20me0 or Kc20me3) were assembled on to a biotinlabelled 177 bp 'Widom-601' DNA template at the ratio of 10 μg of octamer per 4 μg of DNA in a volume of 50 μl with 2 M NaCl, 10 mM Tris/HCl (pH 8.0), 1 mM EDTA and 5 mM 2-mercaptoethanol. Then the nucleosomes were successively dialysed to reduce the salt from 2 M to 0.6 M at 4
• C overnight. The nucleosomes were pre-warmed at 37
• C for 2 h. Then, 0.8 pmol of nucleosomes was incubated with 0-67 pmol of Pdp1 in 10 μl binding reactions [25 mM Hepes (pH 7.5), 150 mM NaCl and 2 mM EDTA] for 2 h at 25
• C. Samples were then loaded on to 5 % native polyacrylamide gels and detected by streptavidin-AP (alkaline phosphatase). 
Yeast strains, plasmids, medium and genetic methods
The Pdp1Δ yeast strain was bought from Bioneer. Plasmids used in the present study are listed in Supplementary Table  S1 (at http://www.BiochemJ.org/bj/442/bj4420527add.htm). All plasmids were inserted via a Myc tag at the N-terminus and constructed according to a protocol described previously [36] . The K104D/R105D mutant of Pdp1 was generated with the QuikChange ® site-directed mutagenesis kit. Media such as EMM (Edinburgh minimal medium) and YES (yeast-extract sucrose) were made according to standard procedures. Yeast cells were transformed using lithium acetate [37] . For the growth studies on plates, cells in exponential phase were diluted. Five concentrations with a D 600 of 10 − 1 , 10 − 2 , 10 − 3 , 10 − 4 and 10 − 5 were made. Cells were grown on YES plates at 30
• C for 3 days.
Western blot analysis and antibodies
Protein extracts were prepared using standard procedures [38] . The following antibodies were used for Western blot analyses: anti-H4K20 (Abcam, ab16483), anti-H4K20me1 (Abcam, ab9051), anti-H4K20me2 (Abcam, ab9052), antiH4K20me3 (Abcam, ab9053) and anti-Myc (Sigma, M4439).
RESULTS
Sequence analysis of the Pdp1 PWWP domain
Pdp1, 359 residues in length, can be divided into two parts: a PWWP domain at the N-terminus, and an unconserved region at the C-terminus ( Figure 1A ). Amino acid sequence analysis for the PWWP domains showed that they contain a few conserved residues and share a similar secondary structure pattern composed of five β-strands and three α-helices ( Figure 1B ), implying that the Pdp1 PWWP domain might perform a similar function to that of other PWWP domains.
Solution structure and dynamic analysis of the Pdp1 PWWP domain
The solution structure of the Pdp1 PWWP domain corresponding to amino acids 45-150 was determined by multidimensional heteronuclear NMR spectroscopy. The assembly of the 20 lowestenergy structures and the best representative structure are shown in Figures 2(A) and 2(B) respectively. Table 2 lists the structural statistics for the 20 deposited NMR structures, which signifies a high-quality structure of the Pdp1 PWWP domain. The final co-ordinates and the structure factors have been deposited in the Protein Data Bank (PDB code 2L89). The RMSD (root mean square deviation) of the well-defined regions in the secondary structures of the 20 structures was 0.56 Å for the backbone and 1.05 Å for the heavy atoms. A PROCHECK [39] analysis of the 20 NMR structures indicated that >99 % of the residues lay in the most favoured region and additionally allowed region of the Ramachandran plot. The residues in the disallowed regions were those in the terminal parts or in the loops due to the paucity of inter-residual NOEs. The Pdp1 PWWP domain adopts a classical PWWP fold, with a five-strand antiparallel β-barrel followed by three α-helices at the C-terminus ( Figure 2B ). The β-barrel consisted of strand 1 (residues 53-59), strand 2 (residues 65-77), strand 3 (residues 86-94), strand 4 (residues 99-103) and strand 5 (residues 108-110). All of the β-strands are linked by tight turns, except that β2 and β3 are joined by a flexible loop. *The ϕ and ψ angle restraints are generated from secondary structures by Talos + . †All non-glycine residues, ϕ/ψ of most favoured and additionally allowed regions are given by PROCHECK [39] .
‡Atoms of well-defined secondary structure regions: residues 50-76 and 87-138.
β3 and β4 contains a cis-proline at residue 96, and β4 and β5 are linked by a helical turn. The C-terminal portion of the PWWP domain consists of two α-helices (α1 and α2) linked by a sixresidue turn and a short α-helix (α3) at the very C-terminus. Figure S1 at http://www.BiochemJ.org/bj/442/bj4420527add.htm), suggesting stronger backbone flexibilities in these regions, consistent with their location near the N terminus, C-terminus or within the loops.
Structural comparison of the Pdp1 PWWP with other PWWP domains
Pdp1 and Pdp2 are homologues in S. pombe and their PWWP domains share 31 % amino acid sequence identity ( Figure 3A) . A DALI [40] search using the Pdp1 PWWP domain as the query sequence also showed that the Pdp2 PWWP domain is the one with the highest structural similarity in PDB entries. The C α RMSD between the Pdp1 and Pdp2 PWWP domains is 2.4 Å, with a Zscore of 10.4. The Pdp1 PWWP domain adopts a similar fold to that of the Pdp2 PWWP domain, except for the region between β2 and β3. In Pdp1, an extended antiparallel β-sheet formed by β2 and β3 is connected by a flexible loop, whereas in Pdp2, the corresponding β-sheet is attached by an extra short α-helix and a 3 10 helix ( Figure 3B) .
A similar difference was also observed when comparing the structure of the Pdp1 PWWP domain with that of the Brpf1 PWWP domain which was first reported in a complex structure with methylated histone [24] . Unlike the Pdp1 PWWP domain, the antiparallel β-sheet formed by β2 and β3 of the Brpf1 PWWP domain is joined by an α-helix and a β-sheet. Moreover, the last α-helix in the Brpf1 PWWP domain is longer than that in the Pdp1 PWWP domain ( Figure 3B ). The structural variation of PWWP domains is consistent with their different primary sequences in this region ( Figure 3A ) and might be closely related to their distinct molecular recognition patterns.
The PWWP domain of Pdp1 binds to H4K20me3 through its conserved aromatic cage
A previous study on the Pdp1 PWWP domain revealed its interaction with H4K20me1 [19] . To better understand the structural basis of this interaction, a chemical-shift perturbation experiment was employed. Meanwhile, in order to explore the binding specificity of the Pdp1 PWWP domain towards methylated H4K20, the interactions of the PWWP domain with all types of methylated as well as non-methylated H4K20 peptides were investigated. Surprisingly, different from the previous observation [19] Figure S3 at http://www.BiochemJ.org/bj/442/bj4420527add.htm), indicating that the interaction between the Pdp1 PWWP domain and histone H4 is methyl-group-mediated with a preference for H4K20me3. This is consistent with the argument of other reports that PWWP domains can recognize trimethylated lysine modifications on histones [24, 25, 41] . We also tested whether the Pdp1 PWWP domain could bind to H3K36me3 under the same conditions. However, no apparent interaction was observed, suggesting that the binding of the Pdp1 PWWP domain to trimethylated lysine is highly specific to H4K20 (Supplementary Figure S2D) .
Recently, some structures of PWWP domain complexes have been reported, including the crystal structures of the Brpf1 PWWP domain in complex with H3K36me3 and the HDGF2 PWWP domain in complex with H3K79me3 and H4K20me3 [41] . These structures show that the trimethyl group fits into a pocket at one end of the β-barrel formed by three aromatic residues. The side chains of these residues are perpendicular to each other and form a cage around the trimethyl ammonium group [41] . The structural comparison between the Pdp1 PWWP domain and other PWWP domains in complex with methylated peptides reveals that all of these PWWP domains share high structural similarities in the β-barrel core and that the aromatic residues for methylated lysine recognition are conserved ( Figures 1B and 4E) . The trimethylated lysine residues in these complex structures all adopt the same orientation, suggesting that the Pdp1 PWWP domain might recognize methylated lysine in a similar manner. The result of our NMR perturbation experiment showed that most of the residues with obvious chemical shift changes Figure S4 at http://www.BiochemJ.org/bj/442/bj4420527add.htm).
The PWWP domain of Pdp1 binds non-specifically to DNA through positively charged residues
The PWWP domain of Dnmt3b has been reported to associate with DNA [22] , whereas the PWWP domain of Pdp2, a homologue of Pdp1, does not bind DNA in vitro [42] . Our analysis of the solution structure of the Pdp1 PWWP domain indicated that there is a positively charged surface enriched in basic residues ( Figure 2C) . A question was therefore raised from this observation of whether the Pdp1 PWWP domain is able to bind DNA molecules, in addition to H4K20me3. To answer this question, we used the FPA to test the DNA-binding ability of the Pdp1 PWWP domain. As shown in Figure 5 (A), fluorescence polarization anisotropy (in units of mP) increased with greater protein/DNA ratios. The K d value of the interaction between the Pdp1 PWWP domain and DNA was determined to be 4.2 + − 0.2 μM by fitting the data of FPA. These results revealed the DNA-binding ability of the Pdp1 PWWP domain.
We next performed the NMR titration experiment to investigate the DNA-binding surface of the PWWP domain. However, the protein precipitated considerably at the concentration suitable for NMR study during the DNA titration process. In order to avoid the precipitation, we extended the boundary of the PWWP domain and finally obtained a longer PWWP fragment (PWWP-L) corresponding to residues 1-176 which was stable for the Figure 5C ). This result confirmed the fact that the Pdp1 PWWP domain binds dsDNA, whereas the slow exchange property of the binding prevented us from calculating the binding affinity by this NMR titration result. Moreover, the perturbed residues within the positively charged surface are implicated in the DNA binding.
To further investigate whether the Pdp1 PWWP domain binds DNA via its positively charged area, we engineered a series of mutations within this region and tested the DNA-binding abilities Figure 5C ).
AT-and GC-rich DNA sequences were further used to test whether the Pdp1 PWWP domain binds to DNA with any sequence preference. As shown in Figure 5 (E), no obvious sequence preference was observed. The K d values calculated for the PWWP binding to AT-and GC-rich DNA were 4.9 + − 0.5 μM and 5.3 + − 0.5 μM respectively. This result is consistent with the report that the HDGF PWWP domain binds to DNA without sequence preference [23] .
H4K20me3 and dsDNA could bind simultaneously to the Pdp1 PWWP domain
Our results indicate that the H4K20me3 peptide and dsDNA bind to the Pdp1 PWWP domain in separated regions, suggesting that they might be able to bind the Pdp1 PWWP domain simultaneously. To confirm this, the PWWP-H4K20me3 complex formed by adding excessive H4K20me3 to the Pdp1 PWWP domain was used to titrate the 5 FAM-labelled dsDNA. The FPA result showed that the PWWP-H4K20me3 complex retained the DNA-binding activity, with a K d value of 4.5 + − 0.4 μM, similar to that of the free Pdp1 PWWP domain ( Figure 6A ). The similar DNA-binding affinities for the Pdp1 PWWP domain free and in complex with H4K20me3 indicated that H4K20me3 does not affect dsDNA binding to the Pdp1 PWWP domain, and Overview of the computational model of the Pdp1 PWWP domain in complex with a nucleosome core particle with H4K20me3 modification. The Pdp1 PWWP domain is shown in green; the histones H3, H4, H2A and H2B and DNA components of the nucleosome core particle are shown in cornflower blue, purple, wheat, pink and light blue respectively. The H4K20me3 group is shown in red. Many regulatory proteins play their roles in regulating chromatin functions through specific binding to nucleosomes. On the basis of our accumulated data, we speculated that the Pdp1 PWWP domain might bind to histone and DNA at the nucleosome level with a preference for H4K20me3. To test this, we first prepared Xenopus mononucleosome core particles bearing H4Kc20me0 or H4Kc20me3 modifications in vitro. The wild-type or the K104D/R105D mutant of the Pdp1 PWWP domain was then added to the two kinds of mononucleosomes for EMSAs respectively. The EMSA results showed that the binding of the wild-type PWWP domain to both kinds of nucleosomes is much stronger than that of the mutated PWWP domain (K104D/R105D) whose DNA-binding activity is severely reduced (Figure 6B ), suggesting that DNA binding contributes the major energy to the PWWP domain binding with the nucleosome. The free DNA bands which appeared in the lane might result from the disassociation of mononucleosome core particles in the process of electrophoresis, and this disassociation could be prevented by the addition of more Pdp1 PWWP domain. Although the interactions between the Pdp1 PWWP domain and H4K20me3 peptide are relatively weak (K d = 6.0 + − 1.7 mM), the nucleosomes with the H4Kc20me3 modification showed enhanced binding to both the wild-type and the mutant PWWP domains in EMSAs. The trimethylation of H4K20 enhances PWWP domain binding to mononucleosome core particles by nearly 15 % (Figure 6C ), indicating a binding preference of Pdp1 for nucleosomes with H4K20me3 modifications in the chromatin environment. On the basis of the results described above, we proposed a model of the Pdp1 PWWP domain in complex with a modified nucleosome by using HADDOCK and molecular dynamics simulation (described in the Supplementary Experimental section at http://www.BiochemJ.org/bj/442/bj4420527add.htm). The model showed that, via its β-barrel, the Pdp1 PWWP domain binds to nucleosome core particles through the histone H4 tail and nucleosomal DNA; no interactions with other histones occur ( Figure 6D ).
The interactions between the Pdp1 PWWP domain and DNA are necessary for high-degree H4K20 methylation in vivo
The present study has shown that the Pdp1 PWWP domain could bind simultaneously to the H4K20me3 marker and DNA at the nucleosome level. However, the functional significance of the interactions between the Pdp1 PWWP domain and nucleosomal DNA remains to be investigated. To better understand this interaction, we constructed three pJK148 plasmids expressing intact Pdp1, Pdp1 with the PWWP domain deleted (PWWP ), and Pdp1 with the K104D/R105D mutation respectively (Supplementary Table S1 ). These plasmids were then transformed into pdp1 haploid strains and analysed by Western blotting using anti-H4K20me antibodies. The results show that pdp1 and PWWP strains lost H4K20me2/3 states totally, whereas transforming Pdp1 plasmid into the pdp1 strain could restore the H4K20me2/3 states ( Figure 7A ). These results suggest that the PWWP domain is crucial for the maintenance of H4K20me2 and H4K20me3 states in vivo. Meanwhile, the mutation K104D/R105D, which affected the PWWP-DNA interactions, severely reduced H4K20me2 and H4K20me3 levels without affecting the H4K20me1 level ( Figure 7A ), indicating that the interactions between the Pdp1 PWWP domain and DNA are important for high-degree H4K20 methylation.
The Pdp1 PWWP domain is involved in DNA-damage checkpoint activation
The results of the present study, combined with the previous studies which indicated that H4K20me2 is involved in the DNAdamage checkpoint and that Pdp1 affects Set9-mediated H4K20 methylation [12, 19] , suggested that the Pdp1 PWWP domain is involved in DNA-damage checkpoint activation. To prove this, the growth rates of the rescued and the mutant cells after UV treatment were compared. As shown in Figure 7 (B), the strain with Pdp1 transformation was not sensitive to UV, whereas the pdp1 and PWWP strains showed growth defects, indicating that the Pdp1 PWWP domain might play important roles in DNA-damage checkpoint activation. However, the K104D/R105D mutant strain was little affected after UV treatment, probably owing to the residual H4K20me2 ( Figure 7A ).
DISCUSSION
Pdp1 has been identified as an important regulatory protein of Set9, which is a histone lysine methyltransferase responsible for H4K20 methylation in fission yeast [19] . The structure of the Pdp1 PWWP domain, the first PWWP domain identified to bind to methyl-lysine H4K20, was determined by solution NMR in the present study. Moreover, we revealed that the PWWP domain of Pdp1 binds not only to H4K20me3, but also to dsDNA, which has never been reported for other PWWP domains. Intriguingly, the DNA binding is crucial for PWWP-nucleosome complex formation, and the defect of DNA-binding activity within the Pdp1 PWWP domain severely reduces H4K20 trimethylation and affects H4K20 dimethylation, as demonstrated in the K104D/R105D mutant. The structural comparison revealed that the Pdp1 PWWP domain adopts a similar fold to that of other PWWP domains. However, the structure of the Pdp1 PWWP domain in the region between β2 and β3 is significantly different from those of other PWWP domains. The region is folded into a helix followed by a β-sheet in Brpf1 [24] , whereas short helices in Dnmt3b [22] and Pdp2 [42] . However, in Pdp1, the corresponding region is folded into a long flexible loop connecting β2 and β3. This structural variation might explain the distinct molecular recognition patterns of these PWWP domains.
Several methylated H4K20 recognition motifs have so far been reported, such as Crb2 or 53BP1 tandem tudor domains recognizing H4K20me2 [11] , and JMJD2A tudor domains recognizing H4K20me3 [43] . Both the PWWP and tudor domains belong to the 'Royal family' whose members form hydrophobic cavities via aromatic residues to interact with methylated histones or chromatin proteins. It is remarkable that the β-barrel of the Pdp1 PWWP domain and the first tudor domain of 53BP1 share a significant structural similarity with a backbone RMSD of 1. Figure S5B) . However, despite the fold topology of the JMJD2A tudor domain being radically different from those of the 53BP1 tudor domain and the Pdp1 PWWP domain, its trimethyl-lysine-binding pocket is similar to that of the Pdp1 PWWP domain in terms of the aromatic triplet and an aspartic acid residue [43] . From the structural aspect, these variations corresponding to different methylation levels and the common features shared by H4K20me3 recognition modules may partly explain why the Pdp1 PWWP domain preferentially binds to H4K20me3.
The interactions between the PWWP domain and methylated histones are often very weak. In the present study, the Pdp1 PWWP domain interacts with H4K20me3 with a K d of ∼ 6 mM, which is comparable with the results of previous studies: the Brpf1 PWWP domain binds H3K36me3 with a K d of ∼ 3 mM [24] and the HDGF2 PWWP domain binds H3K36me2 with a K d of ∼ 1 mM [41] . On the other hand, other known methyl-lysine-recognition domains bind methylated histone peptides with relatively high affinities, such as the PHD finger of ING2 binding H3K4me3 with a K d of ∼ 1.5 μM [44] and the chromodomain of HP1 binding H3K9me3 with a K d of ∼ 2.5 μM [45] . Compared with PWWP domains, these methyl-lysine-recognition domains rely on other forces to interact with the peptides besides the hydrophobic and cation-π interactions. Using the HP1 chromodomain as an example, residues of the H3 tail form β-sheet interactions with residues in the chromodomain, and the side chains of the histone peptide form complementary van der Waals contacts and hydrogen-bonded interactions with the chromodomain. However, in our case, merely the trimethylated lysine forms hydrophobic and cation-π interactions with the aromatic residues of the PWWP domain, which dominate the histone binding to PWWP domain, although histone peptide residues also make a few hydrogen bonds with residues in the PWWP domain. This may explain why Pdp1 shows very weak binding affinity for H4K20me3.
A previous study has shown that the Pdp1 PWWP domain binds to methylated H4K20, and mutations within the PWWP domain that disrupt this interaction result in the delocalization of Set9 from chromatin and loss of H4K20me3 [19] . In the present study, the Pdp1 PWWP domain was shown to interact physically with dsDNA, and this interaction plays an important role in the PWWP-nucleosome interaction. Our results further reveal that the DNA binding is essential for H4K20me2/3 states and is involved in DNA-damage checkpoint activation. On the basis of these results, we propose that, through the interaction of the PWWP domain with DNA and methylated H4K20, Pdp1 is able to localize Set9 on chromatin, which then either performs H4K20 methylation de novo or maintains the high-degree methylation of H4K20 within the chromatin context. Considering the weak interactions between the Pdp1 PWWP domain and H4K20me3, and the fact that H4K20me3 does not affect Pdp1 PWWP domain binding to DNA, the interactions between the Pdp1 PWWP domain and DNA probably play the determining role in the recognition process, whereas those between PWWP and H4K20me might provide some kind of selectivity towards nucleosomes with different H4K20 methylation states.
In summary, the findings of the present study provide structural and biochemical insight into the unique simultaneous recognition of methylated H4K20 and DNA by the Pdp1 PWWP domain. This may suggest a new role for the Pdp1 PWWP domain in maintaining the local Set9 concentration via binding nucleosomes with methylated H4K20, which further facilitates methylation of Lys 20 on surrounding histone H4 by Set9 during replicationdependent chromatin assembly. The nucleosome structure was obtained from PDB code 3C1B [1] , and the Pdp1 PWWP domain was docked into the structure by HADDOCK [2, 3] to construct an initial structural model for the complex. The standard molecular dynamics simulation was performed with a parallel implementation of the GROMACS-4.5.4 package [4] [5] [6] [7] , using the CHARMM27 force field [8, 9] . The system contains the protein-DNA complex, 214 Na + and 92515 waters, with 301 292 atoms in total. A 3 ns production run was conducted by using the Verlet integration scheme with a 2 fs timestep [10] . The simulation was performed in a constant NPT ensemble, and the system was coupled to a temperature bath of 300 K through use of an velocity rescaling thermostat [11] . The pressure was adjusted to 1 bar ( = 100 kPa) with a relaxation time of 0.5 ps, and the compressibility was 4.5×10 − 5 bar − 1 [12] . Covalent bonds were constrained using the LINCS algorithm [13, 14] , while the cut-off distances for the Coulomb and van der Waals interactions were chosen to be 0.9 and 1.4 nm respectively. The long-range electrostatic interactions were treated by the PME algorithm [15] , with a tolerance of 10 − 5 and an interpolation order of 4. 
